Sulfur is an essential plant macronutrient. In crop production, sulfur deficiency has been of increasing concern over the past few decades in Europe, Asia, and the Americas (Haneklaus et al., 2007; Kost et al., 2008) . In many of these areas, there are three possible causes of deficiency: (1) the reduction of sulfur-containing gases from industrial emissions, (2) soil leaching, and (3) diminished use of sulfur-containing fertilizers (Zhao and McGrath, 1994) . The result has been a decrease in crop yield, particularly in industrialized nations, and a growing interest in understanding sulfur utilization in plants. Sulfur is essential to primary and secondary metabolism. Deficiency creates a cascade of events that impair plant development (Hoefgen and Hesse, 2007) . Low-sulfur (-S) plants undergo a complex reorganization of metabolites in an effort to return to or maintain homeostasis (Nikiforova et al., 2005) .
Direct germination of seedlings on -S medium leads to plants that have a slower abiotic stress response than those that are transferred from sufficient to insufficient conditions (Nikiforova et al., 2003 (Nikiforova et al., , 2005 . Chlorosis of leaves and stunted shoot growth become evident at day 11 of direct germination on -S, medium whereas they occur at day 7 after transfer from sulfur sufficient to -S medium. Following transfer, root mass increases substantially over several weeks (Nikiforova et al., 2003) . This altered root growth has been proposed to be a result of NITRILASE, which catalyzes indole-3-acetic acid formation and the promotion of lateral root development (Kutz et al., 2002) . The excess growth of -S roots has been the primary root trait previously described.
Here, we describe the formation of inclusion bodies as a striking unique phenotype of sulfur deprivation in Arabidopsis (Arabidopsis thaliana) roots. These inclusions are produced under both short-and long-term -S conditions. We present evidence that the inclusions are the oxidized products of the flavonoid biosynthesis pathway induced by light-sensing mechanisms in roots subjected to -S conditions. These inclusions highlight the dramatic changes that can occur when plants are grown in nutrient-depleted conditions. found under conditions of sulfur deficiency and not under 27 other abiotic stress conditions, including nutrient deficiencies, drought simulation, low pH, metal toxicities, and different solidifying agents (Supplemental Table S1 ). Detailed analysis revealed the absence of epidermal tissue scarring and the presence of bright, amber-colored intracellular inclusions within differentiated tissues (Fig. 1D ). Roots grown in sulfur-limiting conditions should have a decrease in sulfate content and glutathione levels. We analyzed root samples to determine these levels under our growth conditions and found a significant decrease in sulfate as well as in glutathione levels (Fig. 2) . Another biochemical indicator of sulfurlimited conditions is decreased levels of glucosinolates, organic compounds produced as a defense mechanism against predation. Our analysis revealed a decrease in all analyzed glucosinolates (Fig. 3) . In split-root experiments, we found that, on a single seedling with diverging roots, the root exposed to MS control conditions did not contain -S Pox, whereas the root growing under -S conditions did contain them (Fig. 4) . This is consistent with the findings of Hubberten et al. (2012) , who used a split-root system to show that other root responses to -S were primarily local. We conclude that, under growth conditions that deplete internal sulfur stores, Arabidopsis roots produce a unique cellular inclusion.
Roots are able to sense sulfate availability in the environment and adjust uptake and transport into and through the organ. SULFUR LIMITATION1 (SLIM1) is a transcription factor regulating sulfur assimilation, Figure 1 . Visualization of -S Pox inclusions in Arabidopsis roots. A, Magnification (1003) of root grown in sulfur-sufficient (+S) medium. B, Magnification (1003) of root grown under -S conditions. C, Magnification (6303) of root grown in +S conditions. D, At 6303 magnification, the amorphous structure of the sulfur Pox can be seen in root grown under -S conditions. Scale bars = 50 mm.
and SULFATE TRANSPORTER1;2 (SULTR1;2) encodes one of the high-affinity sulfate transporters present in the root. We tested mutants of SLIM1, slim1-1 and slim1-2, and of SULTR1;2, selenate resistant1-15 (sel1-15) and sel1-16, along with their parental transgenic lines and controls. The background line of slim1 mutants was named for the SULTR1;2 Promoter-GFP-Nopaline (PGN) synthase gene terminator, and the sel1 alleles were derived from a b-glucosidase28 promoter fusion with b-glucuronidase (BGLU28:GUS; Fig. 5 ). A possible scenario was that, grown in sulfate-sufficient conditions, these mutants would produce -S Pox, since regulation of sulfur assimilation or transport of sulfate is disrupted. Under sulfate-sufficient conditions, no -S Pox were detected in any of the mutants. Under sulfur-limiting conditions, slim1-1 and slim1-2 produced -S Pox in numbers similar to those seen in the transgenic parental line PGN and the Columbia-0 (Col-0) control. We conclude that absence of this regulator is not sufficient to induce -S Pox production. For sel1-15 and sel1-16 grown under sulfur-limiting conditions, we observed a significant decrease in the number of -S Pox as compared with the transgenic parental line, BGLU28:GLU, and the Col-0 control (Fig. 5) . Previous results indicated that SULTR1;2 may act not only as a sulfate transporter but also as a sensor, since disruption of this gene reduces the root's ability to detect sulfate levels within the root and in its environment (Zhang et al., 2014) . Our results are consistent with either a sensing or transport function for SULTR1;2 and indicate that -S Pox are associated specifically with roots that have or perceive diminished sulfate content.
-S Pox Appear at Different Times Depending on Growth Conditions
In initial experiments, we observed -S Pox after 8 d postimbibition (dpi) on -S medium. In a time course of seedlings germinated and continuously Figure 3 . Glucosinolate levels in -S-grown roots. Significant decrease in levels of eight detectable glucosinolate products in -S roots compared with Murashige and Skoog (MS; +S) controls. This validates -S experimental conditions. *, Significance with P , 0.05; Avg, average. grown on -S medium, we first detected -S Pox at 5 dpi (Fig. 6) . Studies have shown that phenotypic changes due to sulfur deficiency occur earlier when plants are germinated and grown for several days on standard growth medium and then transferred to -S conditions, compared with those grown directly on -S medium (Nikiforova et al., 2003) . Therefore, we transferred seedlings to -S medium after 5 dpi growth on standard medium (Fig. 6 ). Under these conditions, the -S Pox appeared within approximately 10.5 h after exposure to -S conditions. Similar results were obtained when seedlings were transferred to -S conditions after growth on standard medium for longer and shorter durations (data not shown). These results support the interpretation that removing sulfur after the nutrient was available initiates a rapid response that may be analogous to shock, whereas continuous growth in these stress conditions delays this response. At the cellular level, morphological changes occurred within hours after exposure to -S conditions; therefore, we characterized the inclusions further at cellular resolution. To better understand the -S Pox, we performed a series of experiments to characterize their morphology and spatial localization within the root. The bright hue of -S Pox allows easy detection using low-magnification light microscopy. The -S Pox are variable in size, with the largest being approximately 20 mm in length and approximately 15 mm in width. -S Pox develop from the root/hypocotyl junction, rootward to a distance of approximately 40 mm in 10-to 12-d-old seedlings (Fig.  7A) . Normally, the root/hypocotyl junction delineates the upper boundary of -S Pox accumulation (Fig. 7B ), but long-term exposure to -S conditions can lead to limited formation in the rootward region of the hypocotyl. Other than this occasional localization to the hypocotyl, -S Pox appear to be localized exclusively to root tissue. -S Pox also accumulate in emerged lateral roots (Fig. 7C) , and occasionally in root hairs (Fig. 7D) . However, root hair accumulation was only observed in the Kondara ecotype among 67 ecotypes examined.
Transverse hand sections and whole-root imaging revealed that -S Pox form in cortex cells (Fig. 7, E and F) . Organelle-specific GFP marker lines indicated colocalization of -S Pox with a cytoplasmic marker and a lack of colocalization with organelle-specific markers (Supplemental Fig. S1 ). The cytoplasm of most cortex cells contained only one large -S Pox, but we observed several instances in which a few smaller -S Pox appeared present in the same cytoplasmic space. Furthermore, unlike large cellular organelles such as chloroplasts, which migrate to maximize their position in relation to the sun and then maintain that position, the -S Pox appeared to move randomly within the cytoplasm (Supplemental Movie S1). To understand the accumulation and sporadic nature of -S Pox movement, we hypothesized that vesicular trafficking occurred, and that there was fusion of the smaller -S Pox with the larger ones. However, after extensive observation of roots oriented horizontally, we did not detect any occurrence of fusion. Also, staining of the -S Pox for vesicle membranes, lipids, and proteins was negative (Supplemental Fig. S1 ; Supplemental Movie S2). These results led to an alternate hypothesis that, under normal growth conditions, roots are oriented vertically and the small particles accumulate in the narrow confines at the basal end of cells. Using a vertically mounted microscope, we observed the accumulation of -S Pox at the basal end of root cells (Supplemental Fig. S2 ), suggesting that they respond primarily to gravity. These data are also consistent with -S Pox forming from the buildup of small particles in the basal ends of cortex cells.
Flavonoid Mutants Fail to Accumulate -S Pox
Analysis of previously published microarray data identified flavonoid biosynthesis genes as being differentially expressed in whole roots and in cortex cells under -S conditions (Iyer-Pascuzzi et al., 2011) . This led us to hypothesize that flavonoids are involved in -S Pox production. To test this hypothesis, plants with mutations in flavonoid biosynthesis genes and in genes involved in the transcriptional regulation of flavonoid biosynthesis were examined for the presence of -S Pox under -S conditions (Fig. 8) . MYB DOMAIN PROTEIN12 (MYB12) and its close relatives, MYB11 and MYB111, are flavonoid biosynthesis gene-specific R2R3-MYB subgroup 7 transcription factors (Stracke et al., 2007) . These three transcription factors have been shown to regulate flavonoid production in different parts of the plant: MYB11 is involved in flavonol production in seedlings, and expression is low throughout the plant. MYB12 and MYB111 show expression in shoots and roots, but MYB12 is highest in Figure 5 . -S Pox accumulation in sulfur assimilation regulator slim1 and high-affinity transporter sel1 mutants. When grown on MS (+S), there are no signs of -S Pox in the Col-0 control (A), the transgenic parental line, BGLU28:GUS (E), or sel1-15 (C) and sel1-16 (G). In -S conditions, Col-0 (B) and BGLU28:GUS (F) have a greater number of -S Pox than sel1-15 (D) and sel1-16 (H). When grown on MS (+S), there are also no signs of -S Pox in the Col-0 control (I), the transgenic parental line, PGN (M), or slim1-1 (K) and slim1-2 (O). In -S conditions, Col-0 ( J) and PGN (N) have a comparable amount of -S Pox as slim1-1 (L) and slim1-2 (P). Scale bars = 50 mm. Magnification, 1003.
roots and MYB111 is highest in shoots (Stracke et al., 2007) . We tested an myb12 mutant, as well as an myb12 overexpressor, and a triple mutant of myb11myb12myb111 in transfer experiments. Seedlings of myb12 and the myb12 overexpressor produced -S Pox, but in the triple mutant, myb11myb12myb111, -S Pox were not detected Figure 6 . Timing of -S Pox accumulation occurs at different rates when grown directly on -S medium or transferred from sufficient medium to -S medium. On day 5, there are no -S Pox in MS roots (A), but they begin to form in roots of seedlings germinated on -S medium (B). After transfer to -S medium after 5 d of growth on MS medium, at 10.5 h, there are no -S Pox in MS-grown roots (C), but they begin to appear in roots grown in -S conditions (D). E, MS-grown roots remain -S Pox free at 16 h, but -S Pox increase in -S-grown roots (F). At 24 h, MS-grown roots are clear of -S Pox (G), and -S Pox are scattered throughout -S-grown roots (H). All seedlings are of the Col-0 ecotype. C to F, Arrows point to -S Pox. Scale bars = 50 mm. Magnification, 6303.
( Fig. 9) . We also tested a quadruple glucosinolate mutant where Cytochrome p450 family 79 subfamily B polypeptide 2 (cyp79B2) and polypeptide 3 (cyp79B3) are inactive, as well as a pair of MYB transcription factors (myb28 and myb29), cyp79B2 cyp79B3 myb28 myb29, and found it to contain -S Pox, whereas mutation of the gene for the transcription factor elongated hypocotyl5 (hy5), which is activated in response to sulfur status and light exposure, resulted in a very small number of -S Pox.
To quantify the average number of -S Pox observed in the mutant and overexpressor lines, we calculated the average number of -S Pox among five seedlings grown on three different plates and measured the length of the -S-grown roots (Fig. 10 ). We observed a correlation between root length and the number of -S Pox in the experimental lines that cluster with the control lines Col-0 and Landsberg erecta1 (Ler-1). The lines that fall outside of this cluster indicate underlying genetic factors that impact -S Pox production and/or accumulation. Experimental lines with similar variance were analyzed by ANOVA and Tukey methods (Fig. 11) . From this analysis, we found that plants overexpressing myb12 had a significant increase in the number of -S Pox, whereas there was a significant reduction of these inclusions in the myb12 mutant.
The phenylpropanoid pathway includes a set of genes known as the TT genes, which encode various enzymes involved in the synthesis of flavonoids and their precursors. There were similar numbers of Pox found in tt3-1, tt10, and tt19 as in the controls. The products of these genes all act late in the flavonoid pathway. However, there was a complete absence of -S Pox in the tt4-11, tt5-1, tt6-1, and tt7-2 single mutants. The difference in -S Pox accumulation between tt7-2 seedlings and tt3-1 seedlings suggests that the product of TT7, quercetin, contributes to -S Pox formation.
We then performed staining of -S Pox plants with diphenylboric acid 2-aminoethyl ester (DPBA), a compound that fluoresces when bound to flavonoids. We did not observe DPBA fluorescence in the -S Pox, suggesting that flavonoids are being modified to a form that does not bind DPBA and/or additional substances are condensing with flavonoids, inhibiting the binding of DPBA to the -S Pox (Supplemental Fig.  S3 ). Together, these results indicate that the flavonoid biosynthesis pathway is required for either -S Pox production or coloration.
Biochemical analysis of phenylpropanoid pathway products of roots grown in the light indicated that the majority of these gene products do not significantly increase under -S conditions in roots (Fig. 12) . For those that do increase, such as ferulic acid hexose and isorhamnetin deoxyhexose-deoxyhexose, the increase is so small that it is doubtful that they contribute to the -S Pox given the large number of -S Pox that accumulate under -S conditions.
As some products of the phenylpropanoid pathway form colored pigments while others are invisible, we hypothesized that the bright orange-brown coloration of the -S Pox may be an oxidized form of an invisible flavonoid. Our mutant analysis suggested that quercetin, which is usually colorless but is subject to oxidation producing a brown color, is involved in -S Pox formation. In onion (Allium cepa) peels, quercetin is enzymatically oxidized by peroxidase in the outermost layers to form the brown color of the peel (Takahama and Hirota, 2000) . To determine if enzymatic oxidation played a role in the coloration of -S Pox, wild-type seedlings were germinated on -S medium with the addition of the peroxidase inhibitor salicylhydroxamic acid (SHAM) and incubated for 11 d. -S Pox were not detectable in these roots (Fig. 13) . Similar results were observed when plants were germinated and grown on MS medium and then transferred to -S medium. Taken together, our results suggest that a peroxidase is acting as an oxidizing agent on quercetin to produce the color of -S Pox.
Light Is Required for -S Pox Formation
It has been proposed that sulfur starvation induces phenylpropanoid biosynthesis, the major pathway that produces flavonoids, due to an acquired hypersensitivity to light (Nikiforova et al., 2004) . In addition, light stimulates phenylpropanoid biosynthesis in Arabidopsis roots (Hemm et al., 2004 ). Therefore, we tested the hypothesis that the accumulation of -S Pox is dependent on light cues. Seedlings germinated and grown with shoots exposed to light and roots in darkness did not accumulate -S Pox when grown under -S conditions. Wild-type seedlings germinated on -S medium and grown exclusively in the dark did not accumulate -S Pox. However, plants with roots grown initially in the dark and then exposed to light did produce -S Pox, indicating that the process can be activated upon light exposure. Combinations of different periods of light and dark and the timing of transfer to -S medium revealed that an initial exposure to light followed by -S treatment in dark conditions was sufficient to produce -S Pox. These results suggest that roots must be exposed to light for -S Pox formation. . Phenylpropanoid biosynthesis pathway regulators/overexpressor and transparent testa (tt) mutants germinated directly on -S medium. All images in MS (S+) rows were absent of -S Pox for controls and mutants. In -S conditions, Col-0 (B) and Ler-1 (M) were controls and have similar quantities of -S Pox as tt19 (L), tt3-1(P), tt10 (X), and the quadruple glucosinolate mutant cyp79B2 cyp79B3 myb28 myb29 (Y). No -S Pox were detected in the triple mutant myb11 myb12 myb111 (H), as well as in tt4-11 (J), tt5-1 (R), tt6-1 (T), and tt7-2 (V). A reduced number of -S Pox were noticed in myb12 (D), and hy5 (BB) when quantified, while the myb12 overexpressor myb12OX (F) have larger quantities of -S Pox. Scale bars = 50 mm. Magnification, 1003.
Plants have the ability to sense and respond to the daily fluctuations in light intensity and availability (Sullivan and Deng, 2003) . Phytochromes (PHY) are photoreceptors, and phytochrome-interacting factors (PIF) are transcription factors that interact with additional light-regulated components such as deetiolated1 (DET1), constitutive photomorphogenic1 (COP1), or HY5 to activate or repress photomorphogenesis (Schepens et al., 2004 , Leivar & Quail, 2011 . We hypothesized that genes involved in light sensing and signaling are critical to the formation of -S Pox. To test this hypothesis, we examined the response of light signaling mutants to growth under -S conditions. We used mutants that exhibit a deetiolated phenotype, including a Phytochrome B mutant where Tyrosine (Y) is replaced by Histidine (H) at the 276 residue [phyB (Y276H) ], cop1-4, det1-1, and pifq1, the quadruple mutant of PIF1 to PIF5 (Chory et al., 1989; Deng et al., 1991; Su and Lagarias, 2007; Leivar et al., 2008) . The mutants, cop1-4, det1-1, and phyB (Y276H) , all produced -S Pox when germinated and grown on -S medium in the dark, whereas the pifq1 quadruple mutant showed no sign of -S Pox (Fig. 14) . A downstream transcription factor of photomorphogenesis, HY5, was also tested because of its role in light signaling, phenylpropanoid production, and sulfate assimilation regulation (Stracke et al., 2010a; Lee et al., 2011) . The hy5 mutant was observed after 10-d growth in the dark, and although some seedlings produced -S Pox, these were limited to a few dozen and restricted to a single patch along the primary root. When the wild-type Ler-1 and Col-0 were grown in the dark, they did not have any -S Pox. These data indicate that light perception and signaling are important for the production of -S Pox.
Including the aforementioned mutants involved in sulfur metabolism, flavonoid biosynthesis, and light perception, we tested mutations in 364 genes identified Figure 10 . Root length and number of -S Pox. The correlation between root length and number of -S Pox is visualized in the cluster that contains the controls Col-0 and Ler-1. The cluster at the bottom of the graph represents individuals with zero to few -S Pox. There are two outliers: myb12, with a decrease in -S Pox compared with the average, and the MYB12 overexpressor (myb12OX), which has a significant increase of -S Pox.
from whole root, radial zone cell types, and longitudinal zone microarray data sets of roots grown in -S conditions (Iyer-Pascuzzi et al., 2011; Supplemental Table S2A ). None of these lines showed striking differences compared with controls. Tests for the presence of -S Pox were also carried out in 60 ecotypes. Varying numbers and sizes of -S Pox were observed, but no ecotype showed a dramatic reduction or increase in -S Pox (Supplemental Table S2B ).
DISCUSSION

Consequences of -S Deficiency
Although sulfur is the least abundant macromolecule found in plants, it is critical for both primary and secondary metabolic functions. Plant defense uses sulfur metabolism, particularly glucosinolates, to repel herbivores (Kliebenstein et al., 2001) . Plants use sulfur compounds to protect themselves not only from biotic stress, but from abiotic stress as well (Bloem et al., 2005) . When plants compete for resources and have to choose between allocating energy toward growth or defense, they generally choose growth (Herms and Mattson, 1992) . Sulfur deficiency creates a dilemma in which the molecule that is required for effective defense against environmental stress is depleted and is the cause of the stress. We propose that -S Pox are a result of this dilemma: sulfur pools are mobilized away from the root to the shoot, leaving the root defenseless to elevated Reactive Oxygen Species. The addition of light then induces the flavonoid pathway, and products of this pathway become oxidized in the cytoplasm before transport to the vacuole can occur or Figure 11 . Quantification of -S Pox in mutant and control lines of -S-grown roots. For -S Pox, the pairwise comparisons were performed using ANOVA followed by the Tukey method showing that, compared with the Col-0 control, myb12 roots have significantly fewer -S Pox, whereas the overexpressing MYB12 line roots have a significant increase in -S Pox. When the myb12 lines are compared with each other, it is clear that the MYB12 gene plays a role in the formation of -S Pox in -S-grown roots.
because transport mechanisms are also impaired by -S deficiency.
Our experiments on -S status in Arabidopsis have focused on root development in young seedlings. In normal growth conditions, most of the roots would not be exposed to light. However, there is a subset of roots that grow on or close to the soil surface and would receive some light exposure. Aerial organs naturally express phenylpropanoid products as protection from UV damage. We never observed any -S Pox in chlorophyll-containing cells of young cotyledons. In roots, there always appeared to be a clear demarcation at the transition zone between root and hypocotyl where the -S Pox ceased to accumulate. In the aerial parts of the plant above that demarcation line, anthocyanidin accumulation was observed. It is clear that severe sulfur deprivation is detrimental to the overall health and productivity of the plant. Although -S Pox are found exclusively in roots, the entire plant appears unable to achieve homeostasis of primary and secondary metabolic functions or cellular redox status. The specificity of these inclusions to -S status among all nutrient deficiencies and additional stresses reveals a distinct series of events and unique cellular environment that requires further elucidation. We propose that -S Pox are a consequence of light-exposed roots grown in -S conditions where endogenous quercetin becomes oxidized in Phenylpropanoid product levels in -S-and light-grown roots. Twenty phenylpropanoid and flavonoid products were analyzed in Col-0 roots grown in MS (+S) conditions and -S-grown roots. Ferulic acid hexose, quercetin deoxyhexose, quercetin-O-hexose-O-deoxyhexose, and kaempferol O-deoxyhexose-hexose-O-deoxyhexose show a small yet significant increase in -S-grown roots. However, it is unlikely that these products account for the large number of -S Pox that are seen in roots grown in -S conditions. *, Significance at P , 0.05; Avg, average. the cytoplasm of cortical cells and precipitates as a colored substance.
The Distribution of Quercetin and -S Pox Overlaps Spatially and Temporally
It has been reported that flavonoids accumulate in a developmental and tissue-specific fashion in shoots and roots. One or more of the flavonoids, quercetin, naringenin chalcone, and kaempferol, were detected in the hypocotyl, the hypocotyl/root junction, the distal portion of the root elongation zone, and root tip between 3 and 7 d of germination using DPBA staining of wild-type seedlings (Peer et al., 2001 ). -S Pox localize to areas where quercetin was detected in these experiments, specifically the hypocotyl/root junction and secondary roots, and the distal portion of cells (Peer et al., 2001) . Microarray studies of plants grown under sulfur-limiting conditions show changes in flavonoid biosynthesis gene expression as early as 3 h after induction and peaking as late as 24 h postinduction (Hirai et al., 2005; Hoefgen and Nikiforova, 2008) . During constitutive sulfur deprivation, these flavonoid genes are upregulated at approximately 6 d (Hoefgen and Nikiforova, 2008) . The expression patterns of flavonoid biosynthesis genes in these experiments coincide with the distribution of -S Pox on a spatial and temporal basis. Cell type-specific profiling of mRNA expression also shows enrichment in the Figure 14 . Phytochrome mutants accumulate -S Pox in the dark. A, Roots of seedlings grown in MS (+S) conditions do not produce -S Pox in the dark. These seedlings are highly etiolated with elongated hypocotyls and short, narrow roots. Roots of these light-sensing mutant seedlings grown in -S conditions are mainly deetiolated with longer roots. In MS (+S) conditions, Col-0 does not produce -S Pox and does not produce -S Pox under -S conditions (B). The mutants cop1-4 (D), det1 (F), and phyB (Y276H) (L) produce -S Pox in the dark, whereas they produce none in MS (+S) conditions cop1-4 (C), det1 (E), and phyB root cortex of flavonoid biosynthesis genes and genes encoding proteins that modify the flavonoid biosynthesis enzymes (Rogers et al., 2012) . The cell and developmental zone specificity of the -S Pox is most likely due to the age of seedlings when -S Pox begin to form and the cortex layer being the most likely site of flavonoid production. Transcriptional and proteomic analysis of the major cell types of the root revealed significant differential expression patterns of the flavonoid biosynthetic genes in the cortex layer (Iyer-Pascuzzi et al., 2011; Petricka et al., 2012) . The -S Pox first appear between 5 and 8 d after direct germination and growth of seedlings on -S medium and then steadily accumulate to large numbers. Fluorescence confocal microscopy shows that, during this time, the flavonoid quercetin is within the cortex layer and moves up the root (Peer et al., 2001 ).
Flavonoid Transport Failure May Lead to Quercetin
Oxidation as the Origin of -S Pox CHALCONE SYNTHASE (CHS) is the first enzyme of flavonoid biosynthesis leading to the synthesis of naringenin chalcone (Feinbaum Ausubel, 1988) . Mutations in the CHS gene are designated as tt4 and produce no flavonoids. The second enzyme, CHALCONE ISOMERASE, promotes the synthesis of naringenin, which is absent in tt5 mutants (Shirley et al., 1992) . TT6 encodes the enzyme flavanone 3-hydroxylase, and flavonoid 39-hydroxylase is encoded by TT7. These mutants fail to produce cyanidin and quercetin, respectively (Schoenbohm et al., 2000) . At this point, the pathway branches and results in the synthesis of various dihydroflavonols, flavonols, flavonol glycosides, and anthocyanidins. The TT3 gene encodes dihydroflavonol 4-reductase, which is necessary for anthocyanin accumulation (Shirley et al., 1992) . The early steps of the phenylpropanoid biosynthesis pathway are regulated by MYB11, MYB12, and MYB111. Here, we show that tt4, tt5, tt6, and tt7 do not produce -S Pox. tt7 seedlings produce kaempferol but do not produce quercetin, whereas the tt3 mutant produces -S Pox and accumulates quercetin. The myb12 mutant and the myb11 myb12 myb111 triple mutant produce anthocyanins but lack the -S Pox, and tt3 does not produce anthocyanins but does contain -S Pox (Shirley et al., 1995; Stracke et al., 2010b) . We conclude that the -S Pox do not contain kaempferol or phenylpropanoids produced by gene products downstream of TT7. This allows us to propose that the -S Pox contain quercetin and/or its glycosylated derivatives. Surprisingly, MYB12 is specific to the root, but the myb12 mutant produced only a reduced number of -S Pox. This indicates that MYB11 and/or MYB111 have some effect on flavonoid production in the root.
Although the intracellular localization of flavonoid synthesis has not been clearly elucidated, it is thought to occur on the outer endoplasmic reticulum.
However, a case can also be made for biosynthesis within the vacuole. Furthermore, although flavonoids are transported, the mechanisms involved in moving them through cells and across membranes are not fully understood (Zhao et al., 2010) . Little is known regarding the transport of flavonoids and other phenylpropanoids. Therefore, the effect of transport system failure is unknown, as are the circumstances that would lead to mislocalization. We speculate that mislocalization of transported flavonoids may result in their accumulation as -S Pox. The lack of an increase in the phenylpropanoid products when grown under sulfurlimiting conditions, specifically quercetin or its downstream products, does not weaken the hypothesis. We believe that quercetin, and/or its by-products, is responsible for -S Pox, and the possible oxidized product forms a precipitate that becomes visible.
Previous microarray studies of -S starvation in Arabidopsis have shown a dramatic induction of a putative isoflavonoid reductase (At1g75280), which is induced due to oxidative stress (Hirai, 2003; Nikiforova et al., 2003) . Our published and unpublished data sets also show induction of this gene under -S conditions (Iyer-Pascuzzi et al., 2011). Nikiforova et al. (2003) postulate the induction of this gene occurs to compensate for loss of glutathione reserves and to combat increasing levels of reactive oxygen species in sulfur-limited roots. Oxidation of flavonoids is carried out by enzymatic and nonenzymatic processes. Peroxidases and polyphenol oxidases are responsible for the enzymatic form of oxidation, and polyphenol oxidases are divided into two classes: laccases and catechol oxidases, the latter of which is not present in the Arabidopsis genome (Pourcel et al., 2007) . The laccase, TT10, has been shown to cause oxidation of proanthocyanins that are loaded into the seed coat, causing the dark-brown color of wild-type seeds (Pourcel et al., 2005) . Analysis of tt10 mutant plants revealed the presence of -S Pox, but it is not known if this is a null mutation. The absence of -S Pox in seedlings grown on -S medium in the presence of the peroxidase inhibitor SHAM indicates that peroxidase activity is necessary for -S Pox accumulation in roots. When -S conditions exist, the glutathione/ascorbate cycle becomes dysfunctional (Nikiforova et al., 2006) . Ascorbate is vital to reduce flavonols that are oxidized by hydrogen peroxide in peroxidase-dependent reactions, but if ascorbate is unavailable, these flavonols are oxidized into proanthocyanin-like compounds (Yamasaki et al., 1997) . Future experiments on the glutathione/ascorbate cycle under -S conditions may provide a mechanism for -S Pox development.
Light-Responsive Mechanisms Are Necessary for -S Pox Formation
Light is necessary for phenylpropanoid pathway induction. We found that phyB (Y276H) , cop1-4, and det1-1 seedlings accumulate -S Pox when grown in the dark on -S medium, which does not occur in wild-type seedlings. Seedlings in which shoots are exposed to light while the roots remain in darkness do not accumulate -S Pox. We also found small patches of -S Pox in hy5 mutant seedlings. HY5 is a transcription factor known to activate light-responsive genes, yet it also activates the promoters of CHS, MYB12, and MYB111 in the phenylpropanoid pathway, and is able to regulate ADENOSINE 5'-PHOSPHOSULFATE REDUCTASE1 (APR1) and APR2 in the sulfur assimilation pathway (Stracke et al., 2010b; Lee et al., 2011; Smirnova et al., 2012) . hy5 seedlings lack anthocyanidins (Stracke et al., 2010a) , which further rules out anthocyanidins as being essential for -S Pox accumulation. Nevertheless, the reduced number of -S Pox in hy5 seedlings may reflect the participation of HY5 in -S Pox formation. These results indicate that light-responsive mechanisms are required for -S Pox formation. From our results, we propose a model in which -S Pox are products of the phenylpropanoid pathway, specifically quercetin or its by-products, which are oxidized in the cytoplasm of root cells in response to -S conditions and light.
MATERIALS AND METHODS
Growth Conditions and Analysis
Arabidopsis (Arabidopsis thaliana) plants were grown on 1% (w/v) Suc using prepackaged MS salts (Caisson), complete MS standard medium, or medium without sulfate. The MS and complete medium each contained 1.5 mM sulfate. All media were made with 0.025 mM MES, which contains a negligible amount of sulfur. The medium was raised to a pH of 5.7 using potassium hydroxide, and 1% (w/v) of ultrapure agar (Sigma-Aldrich) was added before autoclaving the medium. Fifty milliliters of medium was poured into square plates, allowed to solidify, and stored at 4°C until plating of seeds. Plants grown on the MS medium and the self-made medium were compared for consistency and used for transfer experiments onto no-sulfur medium. COL-0, wild-type seeds were sowed in a single file on plates at a density of 10 to 12 seeds per plate, wrapped with parafilm, and grown vertically in an incubator at 22°C with 16 h of light and 8 h of dark.
Quantification of -S Pox and Root Length
Seedlings were germinated on prepackaged MS medium for 6 d and then transferred to -S medium for an additional 7 d of growth before examination. Three replicates were examined for each seed stock used, and five roots were cut at the base of the hypocotyl per replicate. Roots were placed on glass slides, mounted in water, and visualized at 1003 magnification using the differential interference contrast setting on a Leica compound light microscope. -S Pox were counted in each root, and the results were tabulated. Data points represent the results of five roots from one of the three replicates. The results of the three experiments were averaged for -S Pox quantification and for measured root length. The root length was measured by scanning images of roots on plates and using ImageJ software (National Institutes of Health). Statistical analysis was determined using the program R (R Development Core Team). The results were normalized and the averages of root length compared with -S Pox quantity were visualized. It was determined which mutants and controls passed the criteria for ANOVA analysis followed by the Tukey's test. These results were also visualized.
Plant Materials
All point mutation lines were tested for described phenotypes. tt mutants myb11 myb12 myb111, myb12, an MYB12 overexpression line, tt4-11, and tt19 are all in the Col-0 ecotype (Mehrtens et al., 2005; Stracke et al., 2007) . The mutant lines tt5-1, tt6-1, tt7-1 tt3-1, and tt10 are in the Ler-1 ecotype (Peer et al., 2001 ). The light-sensing mutants phyB (Y276H) , cop1-4, det1-1, pifq1, and hy5 were obtained from the laboratory of Dr. Meng Chen of Duke University (Chory et al., 1989; Deng et al., 1991; Somers et al., 1991; Su and Lagarias, 2007; Leivar et al., 2008) . All of these are in the Col-0 ecotype except hy5 and phyB (Y276H) , which are in the Ler-1 ecotype. The quadruple mutant cyp79B2 cyp79B3 myb28 myb29 was obtained from Dr. Meike Burow of the University of Copenhagen and is in the Col-0 ecotype (Sun et al., 2009 ). The mutants slim1-1, slim1-2, and parental transgenic line PNG1 were obtained from Dr. Hideki Takahashi at Michigan State University (Maruyama-Nakashita et al., 2006) . These are in the Col-0 background, as are the mutants sel1-15, sel1-16, and the parental transgenic line GHF1 obtained from Dr. Zhi-Liang Zheng of City University of New York Lehman College (Zhang et al., 2014) .
Biochemical Analysis
Biochemical analysis of glucosinolates and phenylpropanoids was conducted on Col-0 roots. Three samples of 100 mg of fresh root tissue were weighed and immediately frozen in liquid nitrogen, placed in 2-mL Eppendorf tubes, and placed in a 280°C freezer. Samples were then placed in dry ice for shipment to the facility that performed the analysis. Ultraperformance liquid chromatography coupled to quadrupole time-of-flight mass spectrometry and statistical analysis were performed following the protocol, and the intensities are peak area after natural logarithm transformation and quantile normalization between replicates, as described in Moussaieff et al. (2013) . Analysis of glutathione was performed on three roots grown on MS compared with three grown under -S conditions, whereas sulfate content was determined using three 50-ng samples of MS roots and three 50-ng samples of -S-grown roots. These roots were grown directly on MS or -S medium for 13 d and then immediately frozen in 2-mL Eppendorf tubes and placed in a 280°C freezer until shipment to the analysis site. Analysis of the samples was then performed using the protocol described in Zhang et al. (2014) .
Split-Root Experiment
All split-root experiments were performed using Col-0 seeds on circular petri dishes partitioned in half by the manufacturer. One-half of the plate contained MS medium, and the other one-half contained -S medium. Along the midline of the plates, seeds were placed on either side of the midline on MS and -S medium. Seeds intended as controls were placed on either side away from the midline on MS and -S medium. These plates were sealed with parafilm and vertically grown at 22°C in 16 h of light and 8 h of dark. After 4 d of germination, all of the roots were cut at the hypocotyl with a razor. This allowed two roots to grow from the site where the cut was made. After 3 to 4 d of growth, one root was placed on the MS medium and the other on the -S medium for those seedlings growing along the midline of each petri dish. After an additional 10 d, the roots were analyzed for the presence of -S Pox from multiple plates that were prepared in this manner.
Fluorescent Reporter Lines
The fluorescent marker lines GFP-cytoplasm (Cutler and Somerville, 2005) , Yellow Fluorescent Protein-peroxisome (Mathur et al., 2002) , Red Fluorescent Protein-endoplasmic reticulum (Sinclair et al., 2009 ), GFP-vacuole (Cutler et al., 2000) , GFP-endosome (Voigt et al., 2005) , and GFP-actin (mTalin; Kost et al., 1998) were obtained from Dr. Jaideep Mathur (University of Guelph, ON, Canada).
SHAM Inhibitor Assays
Prior to pouring -S medium into square plates, SHAM was added to the solution for a final concentration of 100 mM (w/v). Nylon mesh was placed on top of the plates, and seeds were sown, wrapped with parafilm, and maintained in 16 h of of light/8 h of dark at 22°C in a Percival incubator. Three replicates were prepared and incubated for 11 d. On day 11, slides were prepared by cutting the root above the hypocotyl and placing in water. Visualization was performed on a Leica compound microscope at 103 magnification using a bright-field lens. Images were captured with Q Capture software (QImaging Corporation).
3 min with 100 mM sodium phosphate buffer, pH 7.0, plus 0.005% (v/v) Triton X-100. These experiments were performed in the laboratory of Dr. Gloria Muday at Wake Forest University with the assistance of Dr. Daniel Lewis. Fluorescent Marker 4-64 (FM4-64), Nile Red, and Biofilm staining was performed by staining for 3 min followed by a 1-min rinse with dH 2 O. All stained roots were mounted on glass coverslips in water for imaging. The Biofilm, Nile Red, and FM-64 stains were acquired from Molecular Probes. The Biofilm stain was applied directly to roots without dilution. FM-64 was diluted in water to 100 mm. Nile Red dye was diluted to 100 mg mL 21 in dimethyl sulfoxide and then diluted in water to 20 mm.
Microscopy
Laser scanning confocal microscopy was completed using a Zeiss LSM 510 with Axioplan 2 imaging and a fluorescein isothiocyanate filter at 488 nm. Organelle microscopy was performed using a Leica TCS-SP5. Compound microscopy was performed using a Leica DM5000B with a QImaging digital camera REGITA EX and QCapture 2.9.11 software of the Quantitative Imaging Corporation. Images were taken using differential interference contrast microscopy of bright-field microscopy. All images are original and were not digitally altered.
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Association of -S Pox with organelles and macromolecules.
Supplemental Figure S2 . -S Pox are situated at the basal end of cortex cells when visualized in a vertical orientation.
Supplemental Figure S3 . Confocal imaging of DPBA staining of -S Pox roots.
Supplemental Table S1 . Abiotic stress and medium conditions tested for -S Pox.
Supplemental Table S2 .
-S Pox screen
Supplemental Movie S1. Time-lapse video of bright-colored -S Pox that move freely within cells when roots are mounted on slides and placed horizontally on the microscope.
Supplemental Movie S2. -S Pox are visibly moving through the GFPmarked cytoplasm.
